Degradable biopolymers are used as carrier materials in drug delivery devices. A complete understanding of their degradation behaviour is thus crucial in the design of new delivery systems.
Introduction
The biopolymer PLGA, poly(lactic-co-glycolic acid) plays a crucial role in biomedical research. PLGA has been FDA approved and is being used in a wide range of biomedical applications such as: grafts, sutures, micro and
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As above, make sure to check how long they took nanoparticles, and scaffold material for tissue engineering applications [1] . PLGA has also been used in commercially available drug delivery devices for treating prostate cancer (Lupron Depot®) and type-2 diabetes (Byclureon®) [1] . Monitoring mechanical and degradation properties of the biopolymer matrix is crucial in the development of drug delivery devices. PLGA undergoes degradation by a hydrolysis where water attacks the ester bonds present in the PLGA backbone, a reaction which is catalysed in the presence of acid, alkali, salt and specific enzymes [2] . Conventional degradation studies [3] have required large amount of material, which results in expensive and time consuming degradation experiments (days to weeks [3] ) limiting experimental throughput and thereby also the statistical significance of the obtained results. These studies are often performed at high temperature or high/low value of pH [4] , in order to accelerate the experimental time frame. Such methods do not comply with demand of high throughput and with the often limited availability of material in the formulation phase.
Polymer degradation studies on sub-micrometer thick polymer layers have been performed using QCM [5] and SPR [6] . Although the QCM approach has allowed a time effective analysis, it has shown some limitations: i) measurements are limited to the thin film regime [5, 7, 8] , ii) thin film properties often differs from the bulk properties [9] and iii) measurements are to be performed onto high homogeneous layer [10] . Micromechanical resonators have already shown their potential as sensors for temperature [11] , biomarker detection [12] and material characterization [13] [14] [15] [16] . Recently, studies on the behaviour of micrometer-sized thin film biopolymers have been performed [17] [18] [19] through the monitoring of the resonance frequency of spray-coated micromechanical cantilevers. The studies demonstrate that micromechanical resonators can characterize polymer films with thicknesses of even several microns and with different surface morphologies. However, so far the reported measurements have been performed in a tedious manner, where polymer coated cantilevers have been taken out of a degradation media (no flow possible), dried and then characterized at given time intervals in a bulky and expensive laser Doppler vibrometer set-up. With such system, measurements and related degradation studies could not be run under flow conditions. Also, the polymer coating introduces experimental challenges since this often causes the cantilevers to bend out of plane, which complicates/impedes read-out.
In this study, we wish to improve and optimize micromechanical resonator measurements for polymer degradation. This includes the development of an automated liquid handling/read -out system and the use of double clamped microcantilevers, henceforth called microbridges (Fig. 1) , since these will not bend out of plane when coated with polymers. For degradation studies, the microbridges will be embedded inside a microfluidic chip, where physiological conditions can be replicated and where degradation in flow can be studied. However, tailoring an integrated readout for resonance frequency measurements is complex and expensive. Optical readout systems like interferometers are usually bulky and expensive, and they require complex and tedious optical alignment processes. Optical units (OPU) from DVD or Blu-Ray(BR) player represents a low-cost, very flexible, and highly-sensitive [20] alternative, which can be easily embedded in portable and automated system for multiple optical readout purposes [21] .
Hence, in order to match the need of a method which can overcome the limitation of the conventional biopolymer degradation studies, and the technological challenges of an integrated readout, we have designed and fabricated a system based on a Blu-Ray pickup head which uses an astigmatic detection technique [20] . The system can automatically scan the position of individual microbridges, arranged in a linear array, and control their actuation through a piezoelectric crystal. The recording of vibrational spectra is also performed automatically by the controlling system software.
Arrays of microbridges have been spray coated [17, 22] with a thin (1-2 µm) layer of PLGA by an ultrasonic spray coater system. The deposited biopolymer thin film, with a total mass in the sub microgram range, resulted in a drop of the mechanical resonance frequency. Next, the coated microbridges were placed in a microfluidic chip where a steady flow of degradation media was controlled via a syringe pump.
Experiments have been performed using a so-called 'wet and dry' approach (W&D). In this technique, the degradation has been performed under steady flow condition of degradation media. Prior to resonance frequency measurements, the chamber has been emptied and dried and as a result the measurements were obtained in air ( Fig. 2D-E) . In air environment, a higher value of the quality factor (Q) and a higher signal to noise ratio (SNR) ensure a reliable monitoring of resonance frequency shifts. The method facilitates degradation in flow and measurements can be obtained at desired time intervals.
Materials and methods
Fabrication of microbridges
Microbridges have been fabricated with a standard photolithography technique using a two mask process, on 4" silicon-on-insulator (SOI) substrate. The device layer had a thickness of 5 μm, which defined the thickness of the microbridges. A positive photolithography (1.5 µm AZ-Mir701) step was performed to pattern the device layer and then deep reactive ion etching (DRIE) was used to transfer the photoresist design on the front side to the silicon 4 device layer (Fig. 1A) . The buried layer of SiO 2 acts as a stop layer during etching. A subsequent layer of SiO 2 (200 nm) and SiN (200 nm) was grown (Wet Oxidation) and deposited (LPCVD) respectively.
Fig. 1.
Schematic view of the fabrication process flow. A deep reactive ion etching has been used for patterning of the device layer; B SiO 2 and SiN are grown and deposited, respectively, to form a protective layer for the anisotropic etch. They also act as mask on the backside of the wafer, which has been defined by photolithography and subsequent reactive ion etching; C Anisotropic etching has been done with KOH, which defines the clamping point of the structures. Then, the silicon nitride and the silicon dioxide were removed with phosphoric acid wet etching; D Optical microscope images of the structures before and after the PLGA coating.
A second lithography step has been performed on the backside of the wafer to release and define the clamping points of the microbridges. Windows were opened in the SiN/SiO 2 mask layer using reactive ion etching (Fig. 1B) .
Subsequently, the wafers were etched in KOH (80 °C 4h: 30 min), and the etch stopped on the buried silicon oxide layer (Fig. 1C) . Finally, SiN has been etched away by H 3 P0 4 at 180°C and the SiO 2 was removed by BHF.
An example of realized microbridges (blank and polymer coated ) is showed in Fig. 1D .
Fig. 2.
A: Exploded view of the single-use microfluidc chip and the encapsulation of the resonator. B: Design of the system. The microfluidic plaform is placed inside a chip holder, which can be moved along the three planes thanks to three alignment screws. C: Blu-Ray OPU building blocks. The OPU can move along the microbridges array according to the algorithm explained in the SI.D-E Wet and Dry Approach. D: A syringe pump is connected to the inlet of the chamber and then the degradation media flows inside the camber and ends in the waste reservoir. E: The degradation media flow is stopped and the inlet is unplugged from the syringe pump and left at atmospheric pressure. A negative pressure is generated in the waste reservoir using a vacuum pump, and the measuring chamber is first emptied and then dried with air.
Microfluidic platform fabrication
The microfluidic platform has been composed of 3 plates of PMMA bonded together with pressure adhesive tape ( Fig. 2A) . The channel is 500 -μm wide, 10.5 mm long and 150 µm deep, the chamber in the middle plate defined through laser cutting had total volume of 193µl. The microbridges have been fixed in the channel using fluidic connectors that are glued to the platform using PDMS and a Luer-Lock connector has been used to connect to the outlet of a syringe pump. The outlet has been connected to a waste chamber. A vacuum pump has been used to create a negative pressure in order to empty the chamber. 
Polymer coating and degradation studies
Exacta Spray Coater (Sonotek, USA) has been used to coat the microbridges [16, 17, 22] . The parameters for spray coating microbridges have been optimized using the methodology [22] and the parameters found in our previous works [17] .
The ultrasonic spray nozzle was actuated at a frequency of 120 kHz with a generator power of 1.3 W. Fig. 2A) , and it has been kept tight and clamped by four screws. The chip holder has been placed into a custom-built PMMA box where the temperature has been maintained at 37 °C using a heat control system (AirTherm ATX, with 0.1 °C precision) to simulate at best the human physiological condition. The degradation media was degassed for one hour in a vacuum chamber prior to the beginning of the experiment, in order to avoid bubble formation inside the microfluidic chamber.
Detection method and system layout
Astigmatic detection system (ADS) has previously been used to monitor deflection and resonance frequency changes of microcantilevers [20, 21] . A Blu-Ray (BR) laser diode emits light with a wavelength of 405 nm, focused onto the surface of the microbridges using an internal mirror, collimator and a modified objective lens with high numerical aperture (NA=0.6), which guarantees a focalized beam and a ~350nm size laser spot (Fig. 2C) .
The reflected laser light from the sample surface (i.e. the microbridges) passes through a polarized beam splitter, a set of cylindrical lenses, and impinges on a quadrant photodetector integrated chip (PDIC). The PDIC consists of four single sensors with individual current preamplifiers, which converts photon signal to voltage signal with a bandwidth of 160 MHz. Here, a laser power monitor diode is used to monitor laser power. A voice coil motor (VCM) has been used to control the position of the objective lens in order to focus the light at a desired location. Fig. 2B illustrates the system. It is composed of two blocks: the chip holder and a frame where a BR-OPU can move along one direction thanks to a sled motor. Blu-Ray optical pick-up head unit (BR-OPU) is equipped with a VCM that gives a 1 µm vertical motion allowing fine adjustment of the focal distance to get the high est possible sensitivity from the ADS. The chip holder is placed on three alignment screws used to do coarse adjustment of the focal distance. The position of the holder can be adjusted in three planes (x-y, x-z and y-z). The working algorithm is shown in the Supplementary Information (SI).
Resonance frequencies were measured in air. Microbridges were actuated by means of a piezoelectric crystal, which was set to linearly sweep a range of frequencies in the vicinity of the theoretically predicted resonance frequency. The values of the resonance frequencies and Q factors were obtained from a Lorentzian fitting performed on the recorded spectra.
Results and discussion
Sensor characterization
The sensing properties of micromechanical resonators have been characterized in air environment. Mass responsivity of microbridges have been evaluated according to equation 1. The minimum detectable mass value (equation 2) was calculated considering the deviation of the resonance frequency of multiple measurements on the same microbridge, which has been no greater than 40 Hz. Bridges from the same fabrication batch can differ in the value of the resonance frequency up to 2 KHz. However such uncertainty has not affected our scope, since measurements of polymer degradation have been referenced to the same bridge. The formulae used to evaluate the relative frequency shift have been reported in Supplementary Information.
The minimum detectable mass has been then evaluated considering the product of the mass responsivity and two times the standard deviation.
Where Δ is the standard deviation of 20 consecutive measurements on the same bridge (data not shown).
Considering the rectangular area on the microbridges where the biopolymer has been deposited, the thickness of the layer can also be calculated. The measured mass of material ranges between 0.45 µg and 0.75 µg, and the corresponding thickness ranges between 1.2 µm and 2 µm. The deposition of PLGA leads primarily to a drop in the resonance frequency, as a change in stiffness can be neglected. In fact, Young's modulus of PLGA is 2 GPa Furthermore, it is known that Young's modulus of biopolymers decreases during degradation. In light of this, the observed changes in resonance frequency can be attributed to mass changing phenomena. A typical frequency drop induced by the added polymer layer is shown in Fig. 3 . Fig. 3 . Frequency shift experienced during biopolymer degradation. A : Resonance peak of a loaded bridge before the degradation process. B: resonance peak of a blank bridge after the degradation process. The shades represent the standard error of the mean n=5
Polymer degradation studies
This work is, to the best of our knowledge, the first investigation of degradation of PLGA under the catalytic action of Proteinase-K (recombinant, PCR grade obtained from Roche Diagnosis GmbH). Coated microbridges have been employed to study the behaviour of PLGA during degradation inducted by the enzyme Proteinase-K in 3 different concentrations. Furthermore, we have studied the degradation induced by only water under the same flow condition, as the polymer can undergo hydrolysis and, at the same time, the shear stress due to the flow might induce some mass removal from the biopolymer layer.
The deposition of a layer of PLGA has led to a drop in the resonance frequency that ranges between 8% and 12%, depending on the microbridge characterized. This large observed deviation is likely due to the nonuniformity of the coating from chip to chip, and, to a minor extends, to geometrical variations of the bridges after the cleanroom microfabrication. Temperature was seen to be constant within the experimental time frame.
To monitor degradation, the resonance frequency has been measured at regular intervals of time according to the degradation rate expected for a certain enzyme concentration. Three different concentrations have been tested, with a steady flow of 20 µl/min. Enzyme concentrations of 50 and 100 µg/ml have not led to any remarkable differences in the degradation profile.
However, a lower enzyme concentration of 20 µg/ml has led to longer degradation time. The hydrophilicity of PLGA, due to the presence of the glycolic unit, triggers the degradation process in the early phase (already in the first hour of experiment), which has been not observed for PDLLA [17] .
We have previously shown that Tris-HCl did not trigger any kind of degradation on a poly-lactade polymer (PDLLA) [17] . Here we have tested the effect of Tris-HCl on PLGA (Fig 4D) The relative frequency shift profiles have shown similarities to the weight loss profile previously shown on bulky amount of PLGA under the action of trypsin [3] . Fig. 5A shows how the polymer has been removed during the degradation process. Mass sensivity of micromechanical resonator has a spatial dependence, thus real time estimation of the actual amount of material which is loading the microbridges at a certain time step requires complex techniques [24] . Although both trypsin [3] and Proteinase-K are serine protease, a direct comparison of their degradation rate might lead to an inappropriate conclusion. However, we can see that we are able to perform similar type of experiments to explore degradation mechanisms in just a f ew hours (see Fig. 6B ). Furthermore, we want to emphasize that due to the ability of our system to perform simultaneous measurements we are able to investigate a large number of samples, improving the statistics and facilitating simultaneous studies on different materials. 5 .Optical microscope images of coated microbridges which have undergone to degradation experiments. A Bridges exposed to 50 µg/ml. After 3 hours the polymer was completely removed from the surface of the resonator, the few spot are clearly far beyond the detection limit of the resonator. B Bridges exposed at a flow of Tris-HCl at 37°C at 2 µl/min.C Bridges exposed at a flow of DI water at 20µl/min. White scale bar 300µm.
Degradation rate
The mean degradation rate for each enzyme concentration has been derived considering the initial mass deposited on the microbridges and the time needed to reach the 0% in the relative frequency shift curves.
Proteinase-K does not possess a specific site to recognize the polyester [5] . The concentration of enzyme reaches the saturation level between 50 µg/ml and 100 µg/ml [5] . When the saturation level is reached, higher concentrations do not lead to any faster degradation as the substrate is completely cov ered by the enzyme.
The degradation rates per unit area are in the same order of magnitude of the 25µg/cm 2 h reported in literature [3] , where the degradation of thick films (200 µm) of PLGA has been studied under the action of trypsin (degradation rate of 67 µg/cm 2 h). This conclusion is obtained by evaluating the amount of material they have analysed and considering the time needed for reaching the 0% in our weight loss curve. In Fig. 6 we have compared the degradation rate observed in our work with the degradation rate obtained by [5] who studied the degradation rate of PDLLA under the action of Proteinase-K. Besides a difference of two orders of magnitude due to the faster degradation of PLGA because of its hydrophilicity, we may notice that the degradation rate it has seemed to reach a plateau around 100 µg/ml. 
Conclusion
We have developed and tested an automatic platform aimed to characterize the dynamic characteristics of facilitates an effective evaluation of biopolymer degradation of micrometer-thick biopolymer film by employing micromechanical resonators. Furthermore, the implementation of the microfluidic device has allowed us to simulate a more physiologically realistic condition for polymer degradation. The degradation parameters as well as the degradation profile derived from our approach matches previous study performed over 6 weeks on bulk amount of material. The degradation profile, as well as the degradation rate show similarit ies with similar works previously done by other groups using bulk amount of material and conventional methods. A full comparison is difficult since the other studies differ in either enzyme or polymer.
